Generating Polarization-Entangled Photon Pairs Using Cross-Spliced Birefringent Fibers 
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We demonstrate a novel polarization-entangled photon-pair source based on standard birefringent 
polarization-maintaining optical fiber. The source consists of two stretches of fiber spliced together with perpen- 
dicular polarization axes, and has the potential to be fully fiber-based. By modelling the temporal walk-off in 
the fibers, we implement compensation necessary for the photon creation processes in the two stretches of fiber 
to be indistinguishable. Our source subsequently produces a high quality entangled state having (92.2 ±0.2) % 
fidelity with a maximally entangled Bell state. 
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Many tasks in quantum information, such as loophole-free 
tests of Bell's inequality 12], long-distance quantum cryptog- 
raphy [2], quantum metrology Ofl, and integrated quantum in- 
formation processing [0], require the generation and detection 
of entangled photon pairs with high efficiency. While recent 
advances using superconductors have led to detectors with ef- 
ficiencies over 90%, these detectors require the photons to be 
fiber-coupled or integrated with a waveguide [HI @] . Simple 
low-loss and integrable sources of entangled photons remain 
a challenge. Sources based on spontaneous parametric down- 
conversion in bulk crystals, where a pump photon fissions into 
two daughter photons, are challenging to couple into single- 
mode fiber. Much work has recently focused on using the 
process of four- wave mixing to create entangled photon pairs 
directly in fiber 01. Current sources either require interfer- 
ometric stability, have excess noise, or suffer from losses in 
bulk optical components. Here we present a fiber source of 
entangled photons that is simple, stable, integrable with all- 
fiber components, and is well- suited for carrying out a wide 
variety of quantum information processing tasks. 

To generate entanglement, two processes, distinct in some 
degree of freedom, must interfere. One of the most successful 
sources of entangled photon pairs uses two nonlinear crystals 
back-to-back with their optic axes rotated 90° with respect to 
one another Jl] . The interference between the possibility of 
down-conversion in the first or second crystal, upon which the 
polarization of the photon pairs depends, leads to the creation 
of an entangled polarization state between the two photons. 
Inspired by this "sandwiched" cross-crystal source, we have 
devised a cross-spliced source H using four-wave mixing in 
birefringent polarization-maintaining (PM) fiber. In the fiber, 
two pump photons can spontaneously interact to produce a 
pair of photons (labeled signal and idler). The signal and idler 
photons posses the same polarization, perpendicular to that of 
the pump photons. To create entanglement, we take two PM 
fibers, rotate them 90° with respect to one another, and splice 
them together. Pump photons polarized at 45° with respect to 
the fiber axes will be equally likely to generate photon pairs 
in either fiber section, leading to the creation of the polariza- 



tion entangled state \<j>) = (\HH) + e i( ^\VV))/y/2, where H 
and V are horizontal and vertical polarizations respectively. 
This single-path geometry permits direct fiber splicing to the 
output, is interferometrically stable, and allows the source to 
be compact. In comparison, other schemes for generating 
entangled photon pairs in fiber require polarization stabiliza- 
tion Jl(i[IlL suffer from losses and imperfections in the op- 
tical components needed to interfere the polarizations of the 
photons ||12lll3|], or produce photons very close to the pump 
leading to unwanted Raman noise lil4f1 . Approaches based on 
a fiber Sagnac loop are promising II 1 311 but prone to imperfect 
interference on the beam-splitter and temporal walk-off due to 
beam-splitter birefringence [fl6ll . 

To create the signal and idler photons through four-wave 
mixing, energy and momentum must be conserved. Energy 
conservation is satisfied when the sum of the frequencies 
of the two pump photons equals the sum of the signal and 
idler frequencies. In our scheme, momentum conservation, or 
phase-matching, is engineered using the birefringence in our 
PM fibers [17]. PM fibers can support vector phase-matching 
wherein the pump is polarized on the slow axis of the fiber and 
the outgoing signal and idler photons on the fast axis Il8ll Il9ll . 
This form of phase-matching is intrinsically narrowband and 
has the signal and idler photons located spectrally far from 
the pump (~100nm or ~50THz) [17]. This reduces the noise 
from Raman scattering, which extends about 15THz on ei- 
ther side of the pump but has a long tail on the low-frequency 
side [20] that can dramatically degrade the heralding effi- 
ciency (probability of detecting signal (idler) photon given an 
idler (signal) detection) and entanglement fidelity. An addi- 
tional benefit is that two-photon states free of frequency cor- 
relations can be created in PM fibers by controlling only the 
fiber length and pump bandwidth 11911 . or by pumping with 
two different wavelengths 112 ill . These spectrally pure photon 
states are critical for multi-photon interference experiments 
and for quantum computing protocols, as otherwise tight inef- 
ficient spectral filtering of the photon pairs is needed. Using a 
similar phase-matching scheme, heralded (unentangled) pho- 
tons with a purity of up to 84 % [I22I1 have been demonstrated. 
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In our cross-spliced source, photons produced in the first 
fiber will be partially distinguishable from those produced 
in second. This distinguishability is due to the poor tem- 
poral overlap caused by additional dispersion that photons 
generated in the first fiber experience in the second. It is 
convenient to reframe this temporal problem as a spectral 
one: the phase (j) in the maximally entangled state \<j>) = 
( \HH) + \VV) ) / Vl becomes wavelength dependent due to 
the different effective fiber lengths seen by different spectral 
components J22I . This leads to a mixture over the pump 
and output signal bandwidths ll25ll of the form 

P = j! |0)(0|p s (A s )pp(Ap)JA s JAp, (1) 

where p s (X s ) and /? p (Ap) describe the spectra of the pump 
and signal respectively, and Ap/ s /i is the wavelength of the 
pump/signal/idler. Note that Eq. (Q} is not describing the spec- 
tral components of the output photon state but, rather, the ef- 
fective two-qubit state given the spectral dependence of the 
phase (j). To produce high quality entanglement we must find 
and compensate for this spectral dependence. 

We assume the two fiber segments have the same length 
L and that the first fiber has its slow axis vertical such that 
\HH) photon pairs are produced first. These photons acquire 
an extra phase 

2itT 2ttT 
<h(A s , Ap) = 1- ["(As) +B] + -j- KAO +B] (2) 

in the second length of fiber, where A[ = A s Ap/(2A s — Ap), 
n{X) is the propagation constant on the fast axis in the fiber, 
and B is the birefringence between the fiber's fast and slow 
axes. Additionally, the \VV) term acquires a phase 

2ttT 

^ 2 (Ap) = 2— [»(Ap)] (3) 

Ap 

in the first stretch of fiber via the pump. This phase is double 
that of its counterpart for %^ sources ll23ll because here two 
pump photons combine to make the \ VV) photon pairs. There 
are no additional B terms in Eq. © because the pump that 
will produce \VV) photons in the second stretch of fiber is 
polarized on the fast axis in the first stretch. 

Finally, there is a nonlinear contribution to the \VV) phase 
term from self- and cross-phase modulation of the pump, 

02,nl(A p ) = [1 + (2/3)]7PL, (4) 

where y is the fiber's nonlinear parameter and P is the pulse 
peak power. This contributes only a small offset in our pump- 
ing regime, but could become important at very short pulse 
length, high intensity, or for frequency-chirped pulses. 
The total phase is then 

0(A s ,Ap) = 02 + 02,NL - <t>\ • (5) 

This phase is plotted in Fig.[T]and displays a variation of 800° 
over the pump and signal bandwidths. To compensate this 




FIG. 1. Theoretical phase deviation around the mean phase, be- 
fore (top) and after (bottom) compensation, for various signal and 
pump wavelengths. The strong phase change over pump and signal 
bandwidths in the uncompensated case leads to a highly mixed state, 
while the nearly flat map after compensation leads to a nearly pure 
entangled state. 



variation, birefringent crystals of appropriate length are in- 
troduced into the signal and idler output arms, adding two 
controllable phases to Eq. ©. After optimizing, the com- 
pensators flatten the phase profile in Fig. [T] (the edges of the 
phase profile are about 5° above zero). While we use quartz 
wedges with variable thicknesses, a production source could 
use precisely cut lengths of most any birefringent material. 
With L = 13 cm, the optimal total length of quartz is calcu- 
lated to be 67.3mm with slow axis vertical on the signal arm 
(here implemented by rotating the polarization of the signal 
photons by 90°), and 47.6mm with slow axis horizontal on the 
idler arm. This flattens the phase map sufficiently that no drop 
in entanglement fidelity is expected due to phase/temporal dis- 
tinguishability. 

The experimental apparatus is shown in Fig. [2] The cross- 
splice process was carried out using an arc fusion splicer 
which provides automated alignment of the polarization axes 
of PM fibers (FSM-45PM, Fujikura Ltd.). The source is 
pumped with a mode-locked Ti: Sapphire laser at 76 MHz rep- 
etition rate, 3ps pulse length, and full width at half maxi- 
mum bandwidth of 0.3 nm, with polarization set to 45°. It 
is important to include a bandpass filter on the pump beam 
to remove spontaneous emission from the Ti: Sapphire crystal, 
which would pollute the photon pair signal. After photon gen- 
eration in the two cross-spliced 13 cm sections of PM630-HP 
fiber, the pump light is removed with a notch filter providing 
60 dB isolation. The half- wave plate in the signal arm flips 
the polarization of the signal photons by 90°, so that they are 
correctly compensated by the birefringent quartz crystals . 

To characterize the output from the source, we collected 
signal and idler photons and sent them to an optical spectrom- 
eter and cooled CCD camera (SpectraPro 2750 and Spec- 10- 
LN model 7508, Princeton Instruments). A sample spectrum 
is shown in Fig. Ob) where the signal and idler peaks are 
clearly identifiable, and far enough from the pump to avoid 
the bulk of the Raman noise. The phase-matching curve in 
Fig.Oa) demonstrates the wide tunability of our source, with 
the idler photon ranging from the visible to telecom bands as 
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FIG. 2. (color online). Experimental apparatus for the cross- 
spliced entanglement source. Pulses generated by the mode-locked 
Ti: Sapphire laser pass though a bandpass filter (BPF) centred at 
771 nm wavelength, then through a polarizing beam-splitter (PBS) 
oriented at 45°. This light is coupled into the cross-spliced fibers 
(PMF1 and PMF2) where entangled photon pair generation occurs 
via four- wave mixing. The pump is removed with a notch filter (NF) 
and the signal and idler photons are separated with a dichroic mirror 
(DM). The signal photon passes through a half- wave plate (HWP) 
and both photons are phase/time compensated with tuneable birefrin- 
gent compensators (BC). The polarization correlations of the photons 
are analyzed with quarter- wave plates (QWP) and polarizers (POL) 
before photons pass through interference filters (IF) and are coupled 
into single-mode (SM) fibers. The photons are detected by silicon 
avalanche photodiodes (APD) and their detection and coincidence 
counts are registered by a timetagging module (&), then recorded by 
a computer. 
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FIG. 3. (color online), (a) Theoretical phase-matching curves for 
signal (dashed red) and idler (solid blue) with measured points in- 
dicated by squares and triangles, respectively. A wide range of sig- 
nal and idler wavelengths are available in PM fiber by tuning the 
pump wavelength, (b) Measured spectrum from our cross-spliced 
fiber source, showing narrowband signal and idler modes well away 
from the main Raman contamination, which extends beyond the ver- 
tical range shown. Some residual pump in the centre of the notch 
filter is also visible. 



the pump wavelength is changed. In this work, the 771nm 
pump generates signal photons at 670 nm and idler photons 
at 905 nm, with full width at half maximum bandwidths of 
0.23 nm and 0.61 nm respectively. 

To count photon pairs, signal and idler photons exiting the 
source are split on a dichroic mirror, analyzed by a quarter- 
wave plate and polarizer, and filtered with an interference fil- 



ter centered on 670 nm for the signal and 905 nm for the idler. 
Photons are then coupled into SM780 single-mode fiber and 
sent to SPCM-AQ4C single photon detectors (Perkin-Elmer). 
By retuning the Ti: Sapphire pump laser to the signal and idler 
wavelengths, we saw a total coupling efficiency from the PM 
fiber to the output of the single-mode fiber of 60% and 69%, 
respectively, including the notch filter, dichroic mirror, and 
birefringent compensators. 

With the assumption that the number of double-pair emis- 
sions is negligible, we can determine the total heralding ef- 
ficiency of the signal and idler photons. In 30 s with 30 mW 
pump power, we collected 488350 total and 146901 back- 
ground signal counts; 1657630 total and 1435459 back- 
ground idler counts; and 53256 total and 55 background co- 
incidence counts. After subtracting background counts due to 
Raman scattering, dark counts, and stray light, these results 
give heralding efficiencies of 24% for the signal and 16% for 
the idler, including detectors. This efficiency is limited mainly 
by our avalanche photodiodes, which have limited detection 
efficiency especially at the idler wavelength. Additional losses 
are not intrinsic to the source, but are rather due transmission 
through bulk optics necessary in this first demonstration. 

By measuring the heralding efficiency of \HH) and \VV) 
photon pairs separately, we can infer the transmission of the 
splice to be at least 93 % at the signal wavelength and at least 
96% at the idler wavelength Q. 

To show that the source produces a viable entangled state, 
we checked both the timing and polarization correlations be- 
tween photons. The timing histograms in Fig. HJa) quantify 
the arrival time of the idler conditioned on a signal photon 
detection, and clearly show a strong peak of coincident de- 
tections. At the highest power level it is possible to see ac- 
cidental coincidences 13 ns (laser repetition period) on either 
side of the main peak, but their relative strength is so low as 
to affect the entangled state negligibly. The coincidences-to- 
accidentals ratio for 50 mW average pump power is 1 10, based 
on a 1 ns coincidence timing window, and increases to 260 at 
lOmW. 

The entanglement visibility in Fig.lHb) is high for all power 
settings in the rectilinear basis (i.e. double-pair emissions re- 
main negligible), but shows a degradation at high pump power 
in the diagonal basis. At high pump powers, we saw a notice- 
able broadening of the pump and therefore signal and idler 
spectra, due to self-phase modulation of the pump. This 
has the effect of distinguishing photons created in the first 
fiber segment from those created in second, since the pump 
is broader by the time it reaches second fiber. At low pump 
powers, the visibility also degrades due to noise from sponta- 
neous Raman scattering, which is linear in pump power (com- 
pared to the quadratic response of four- wave mixing). There- 
fore, a pumping strength optimal for entanglement visibility 
emerges, which in our case is around 30 mW. 

Pumping at 33 mW, with a pair production rate in the fiber 
inferred to be 45000pairs/s, we took tomographic data to re- 
construct the two-qubit density matrix of our entangled state, 
shown in Fig. [5] Without any background subtraction or cor- 
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FIG. 4. (color online), (a) Measured coincidence timing histograms, 
showing excellent timing correlation of signal and idler photons and 
negligible background. The 50 mW peak extends beyond the top of 
the graph, which has a shortened vertical scale in order to see acci- 
dental coincidences that occur regularly at the pump repetition pe- 
riod, (b) Dependence of entanglement visibility on average pump 
power, for rectilinear basis (blue circles) and diagonal basis (red tri- 
angles). Total visibility reaches a maximum around 30 mW pump 
power. Error bars are comparable to symbol size. 
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FIG. 5. (color online). Real (left) and imaginary (right) parts of the 
two-qubit tomographically reconstructed density matrix of the pho- 
ton pair produced by the source, showing fidelity with the maximally 
entangled state singlet state I 1 ? - ) of 0.922 ±0.002. (The source pro- 
duces this state instead of |<£~) due to the polarization flip of the 
signal photon.) 



rection, the fidelity with the maximally entangled singlet Bell 
state = (\HV) - \VH))/y/l is 0.922 ±0.002 and the tan- 
gle is 0.721 ±0.008. 

As an important point for integrability and coupling effi- 
ciency, the bulk pump laser, filters, dichroic mirror, and bire- 
fringent compensating optics could be replaced respectively 
by a fiber laser [27], fiber Bragg gratings [I28L wavelength- 
division multiplexing, and birefringent fiber. These technolo- 
gies have been heavily developed for the telecom band around 
1500nm and, as seen in Fig. Efa), the idler photon can be 
tuned to this regime, while development is ongoing for these 
fiber technologies in the visible spectrum. Replacing our bulk 
optics with in-fiber equivalents would greatly decrease reflec- 
tion and coupling losses. 

We have demonstrated a simple source of entangled photon 
pairs based on a single path of standard optical fiber. Splic- 
ing two stretches of PM fiber with rotated polarization axes 
allows high quality entanglement without concern of spatial 
mode overlap or stability. The source demonstrates narrow- 
band photons (<lnm), the possibility of wide tunability of 



output wavelengths, >60% optical coupling to optical fiber 
networks, and fidelity with a maximally entangled state of 
0.922. We experimentally verified that the quality of a reg- 
ular fiber splice is sufficient for connecting independent four- 
wave mixing processes without degrading the entangled state. 
Thus we envisage future experiments with multiple fiber links 
to compensate dispersive broadening or walk-off, or a fiber 
version of a superlattice for spectral engineering [|29ll . With 
the goal of improving coupling and heralding efficiencies, we 
plan to study the reduction of Raman noise through optimiza- 
tion of spectral filtering, fiber cooling, and novel pumping 
schemes The simplicity of our new photon source ar- 

chitecture is expected to drive use in upcoming experiments 
requiring integrable sources and narrowband, tuneable pho- 
tons, as well as spur thought into the possibilities afforded by 
direct splicing of fibers for photon sources. 
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SUPPLEMENTAL MATERIAL: TRANSMISSION 
THROUGH THE SPLICE 

To infer transmission through the splice between PMF1 and 
PMF2 at signal and idler wavelengths, we measured various 
heralding efficiencies as follows. We pumped the fiber at 45° 
polarization, put a polarizer set to transmit horizontally po- 
larized light in front of the signal detector, and calculated the 
heralding efficiency for the idler r] H i as 

T]H,i =A/ C0 inc,H,i/ A ^,s, 

where N co { nc fl^ is the number of recorded coincidences and 
Nh,s is the number of recorded signal single counts through 
the horizontal polarizer. The same was repeated for vertical 
polarization and with the polarizer in front of the idler detector 
to give 

llV,i =N C0 inc,V,i/AV,s, 
7]//,s =A7coinc,H,s/A^,i, 
T]y 5 s = A/coinc,y,s/Ny,i- 

The vertical polarization was not set by rotating the polarizer 
but instead by rotating a half- wave plate immediately after the 
PM fiber, such that the detected photons all followed the same 
path and parasitic birefringences were eliminated. 

Finally, since \HH) photon pairs are produced before the 
splice and \VV) photons after, we found the transmission effi- 
ciencies through the splice as 



?7splice,i — 1]H, 



